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The objective of this research is to validate a radioactive

tracer dilution (RTD) method for the irradiated fuel-bearing

molten salt mass determination to evaluate the possibilities

of its deployment in NMA scenarios, e.g., in molten salt loop

in LFMSRs.

Objectives
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𝑀𝑎𝑠𝑠𝑡𝑜𝑡 =
𝐴1
𝐴2

∗ 𝑚𝑠𝑎𝑚𝑝𝑙𝑒

The principle of RTD
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Radioactive tracer selection:

22
Na was selected as the first radioactive tracer to test the RTD concept 

because –

➢ It undergoes beta+ decay (non-fission product characteristic)

➢ known chemical compatibility with actinides and fission products in 

molten chloride and fluoride salts

➢ Availability and the half life (2.6y) for handling

➢ Emits 1274.54 keV gamma-ray (99.94%), high enough to be 

outside of the Compton plateau of many fission products’ gamma-

rays in a gamma energy spectrum

➢ Identified overlapped peak at 1274.43 keV from154Eu

Radioactive Tracer



5

Experimental Method (2017-2018)

Step 1

• Add Tracers to Empty 
Crucible

• 1.29 µCi Na-22

• 3.1 µCi Eu-154

• 10.06 µCi Cs-137

Step 2

• Add LiCl-KCl Salt to 
crucible and melt to form 
one solid piece

Step 3

• Measure Activity of 
Tracer+ Salt solid

Prior work: 

Proof-of-concept with the clean salt
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Step 4

• Re-melt, solidify, and partition salt 
into separate crucibles

Step 5

• Re-melt, re-solidify each of 
crucibles

Step 6

• Measure activity of Tracer+ Salt 
in separate crucibles 

Prior work: Proof-of-concept with the 

clean salt (contd.)
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Gamma Spectroscopy

Acquired at OSU Nuclear Reactor Lab
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Source:   Andrews, Hunter  et al. “Review of molten salt reactor off-gas management considerations.” Nuclear Engineering 

and Design 385 (2021): 111529.

Challenges: 

Off-gas Constituents
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➢ Estimated fission products activities from spreadsheet calculations

➢ Serpent and MCNP–ORIGEN are being requested from RSICC 

Fission Product Activities
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Fission Product Activity

Decay Time: 10 h
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Fission Product Activity

Decay Time: 100 h
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Fission Product Activity

Decay Time: 3 months
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Preparation of NaCl-KCl-UCl3 salt for irradiation (UoU)

• 13.8 g of MgCl2-KCl-UCl3 (DU) fuel salt 
has been prepared at Nuclear 
PyroMetallurgy Laboratory, the University 
of Utah

• High purity (99.99%) MgCl2 and KCl was 
acquired through commercial vendors and 
mixed with a 1:1 molar ratio.

• UCl3 was synthesized by using DU metal 
rod and FeCl2 in MgCl2-KCl at 
~700°C.Salt samples were taken and 
measured by ICP-MS, the UCl3
concentration was determined to be 15.15 
wt%. The FeCl2 concentration is 0.045 
wt%.

• U-235 concentration is …. TBD

• MgCl2-KCl-UCl3 salt will be packed in an 
argon glovebox and shipped to OSU by a 
commercial carrier

Schematic for preparing UCl3 salt from 

DU metal rod and NaCl-KCl-FeCl2 

Huan Zhang et al 2021, J. 

Electrochem. Soc. 168 056521

Acquisition of fuel salt and 

radioactive tracer



14

Furnace

Decay tank/chamber 

Filled with charcoal

Negative pressure

Valve

Irradiation canister 

Xe, I, 3H,  Kr

Glove Box

Irradiated salt process and 

measurement plan
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Order placed for a customized 

glovebox
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Phase 1 Experiment:

➢ Prepare UCl3+MgCl2+KCl with DU, ~ 

mg of U-235, 

➢ Add 22NaCl tracer

➢ Melted and sealed in irradiation cell

➢ Irradiate at OSU Research Reactor 

for 2 hours

➢ Decay

➢ Survey the activity and measure the 

gamma-spectrum (without opening 

the container)

Experimental Approach
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Estimated Dose Rates for 10 grams of Fuel Salt Mixture:

4 g MgCl2, 4 g KCl, and 2 g UCl3

Irradiation Facility: CIF  

Flux: 1.6x 1013 n/cm2/s

Thermal to Fast ratio: 1.4545

Irradiation time: 1 hour

Radiation Safety
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Estimated Dose Rates for 3 grams of Fuel Salt Mixture:

1 g MgCl2, 1 g KCl, and 1 g UCl3

Irradiation Facility: CIF  

Flux: 1.6x 1013 n/cm2/s

Thermal to Fast ratio: 1.4545

Irradiation time: 1 hour

Radiation Safety
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Sample Vial – 20 mm (10 mL capacity) 

Quartz (Fused Silica)

Aluminum Foil 

Aluminum Crimp Cap

Grafoil gasket

External Containment Vessel (70 mL capacity)

Aluminum Body (Al-1100)

Grafoil gasket

** Quartz containment vessel 

available smaller samples

Sample Preparation for Irradiation
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Aluminum Crimp Seals

*Max Pressure: 40-55 psi

Max Temp: 550 C

Gaskets

• MicaTherm

• Max Temp: 900 C (in Oxygen)

• Flexible Graphite

• Max Temperature: 450 C (in Oxygen)

2980 C (in Argon)

• Max Pressure: 1450-2900 psi

11 mm Solid Cap
*Pressure increase of 1 mL (4e-5 moles) 

of argon due to temperature rise from 

20°C to 150°C during irradiation 

estimated to be 21 psi (~1.4 atm) or less.

Based on ideal Gas law: PV=nRT

Sample Preparation for Irradiation
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Containment System for 

Heating and Off-gassing

Ultralite Kiln – (Modified in-house)

with glassy carbon crucible
Containment vessel (6” I.D. x 8” Tall) 

with cooling Jacket
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Heating Element:

Ultralite kiln capable of reaching 850°C

Sample Vial:

Fused Silica glass 2 mL / 20 mL capacity

Mass of Sample:

MgCl2, KCl, and UCl3 = 3-20  g total

Containment System for 

Heating and Off-gassing
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Thank you for your attention!
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22Na(n,alpha)19F

22Na(n,total)

22Na(n,p)22Ne

29,260 barn @ 25 meV

Challenges with tracer         

burn-up 
➢ Na-22 has a significant neutron absorption cross-section

https://www.nndc.bnl.gov/

https://www.nndc.bnl.gov/
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Two or more gamma lines in one isotope might be used to verify each other or in case one has an interference

May add two isotopes to validate each other or in case one has an interference

Na-22 is the best option

Radioisotope Selection

Na-22 Co-60 Na-24 Br-82

Decay mode β+ β- β- β-

Main 

gamma 

energy/keV

1274.54 1173.23;

1332.50

1368.63;

2754.01

554.35; 619;

776.52;1044

Half life 2.6018 y 1925 d 14.977 h 35.28 h

Comments Not a 

fission 

product

Selective

bounding?

T1/2 too 

short

T1/2 too short
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133Xe;   5.25 d; 81 keV

Yield of 133Xe at t=0,    14,700 uCi.   3.5E20 atoms      

φth (cm-2.s-1) 1E+13 Thermal Neutron Flux in CIF

mU235 (g) 0.1 mass of U-235 in grams

tirr(h) 1 irradiation time in hours

20 grams of UCl3 + KCl + MgCl2
10% - 20% of U

2-4 grams of U

0.3% U-235 in DU

6 mg - 12 mg of U-235

Total volume of 2.0 cm^3 

Collaboration with Dr. Shayan Shahbazi, Dr. Tingzhou Fei at ANL for burn-up 

simulation


